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Introduction
Although research on conducting polymers[1] started with
the discovery of intrinsically conducting polysulfurnitride,[2]
no other polymer with intrinsic metallic conductivity has
been discovered since. Currently, conducting polymers like
polyaniline, polythiophene, polypyrrole, and polypara-
phenylene are among the most studied because of their
chemical stability. All of these systems are semiconductors
that require doping to become conducting. P-doping works
well and conductivities of up to 2000 S cm-1 have been re-
ported for alkyl substituted polythiophene.[3,4] In contrast,
designing stable n-doped materials proves to be difficult.[5]
Due to the low electronegativities of organic polymers, re-
duction potentials required for n-doping are highly nega-
tive. N-doped systems are subject to high self-discharge and
low electrode cycle life.[6] Since reversible n-dopability is
necessary for applicability of organic polymers in devices
such as batteries, diodes, and supercapacitors, intensive re-
search is under way with the aim of lowering valence band
energies. This would simultaneously improve intrinsic con-
ductivity by decreasing the band gap and increasing the
charge carrier concentration.[7] Ultimately the goal of de-
signing metallic organic polymers might be achieved by low-
ering the conduction band energy.
Theoreticians and experimentalists have developed a
range of strategies for decreasing band gaps and improving
n-dopability.[8-15,5,16,17] One of those is to attach bridg-
ing groups with low lying π*-orbitals to cis-dithiophene.
The polymer of 4-dicyanomethylene-4H-cyclopenta[2,1-
b:3,4-b’] dithiophene 1has a band gap of 0.8 eV, 1 eV smaller
than that of polythiophene, and is reversibly n-dopable.[18]
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Because of these promising properties, poly-1 was used to
construct a Schottky barrier diode.[19] However, the device
showed little rectification. A possible explanation was of-
fered in terms of high bulk resistivity in the n-doped state
due to excessive undoping.
Recently 1 was combined with 3,4-ethylenedioxythi-
ophene 2, to form a range of copolymers.[20] This approach
afforded the lowest band gap organic polymer synthesized to
date. Electrochemical investigations indicate that the band
gap of a 3,4-ethylenedioxythiophene rich copolymer is be-
low 0.16 eV and probably close to zero. Its intrinsic conduc-
tivity is 10-3 S cm-1, 5 orders of magnitude higher than that of
poly-1.[21] However, considering that zero band gap poly-
mers are expected to exhibit conductivities larger than 102 S
cm-1,[8] this is still disappointingly low. Analysis by Huang
and Pickup[20] revealed that the n-type charge carriers are
not extensively delocalized. The reduction potential of 1 does
not decrease with growing chain length and the reduction
potentials of the copolymers do not shift significantly with
changing composition. The mobility ratio of n- and p-type
carriers in the copolymers is small, 0.002. Thus, the more
mobile p-type carriers mainly account for the intrinsic con-
ductivity. The ratio between the mobilities of n- and p-type
carriers is larger for poly-1, 0.025, but p-type carriers are
still 40 times more mobile than n-type carriers. Therefore,
localization of n-type charge carriers appears to be an alter-
native explanation for the high bulk resistivity of n-doped
poly-1 and its failure as a diode material.
Theoretical investigations of poly-1 [14,22] and related
systems as well as calculations on the monomeric building
blocks[23] support Huang and Pickup’s findings. The con-
duction band widths, which can be very roughly correlated
with conductivity,[8] are small for these systems[24] and or-
bital coefficients at the α-carbon atoms of the building blocks
are small.[23] Thus, the dicyanomethylene group seems to
increase the electron affinity of polythiophene by introduc-
ing low lying but localized π*-orbitals. This means that in
the conduction ”band”, the orbitals do not overlap strongly.
Thus poly-1 and its analogs might be a dead end if n-type
conductivity is desired.
Hong and Song[14] investigated C=S, C=O, and C=CH2
bridged cis-dithiophenes with semiempirical solid state cal-
culations. The C=S group leads to the smallest band gap. By
introducing the above groups alternatively in the outer and in
the inner rings (compare 3 and 4 in Scheme 1), it could be
shown that the above groups favor quinoid structures, whereas
electron donating atoms like sulfur favor aromatic structures.
In the presence of two different bridging groups, the one in
the outer ring determines whether the structure is quinoid or
aromatic. Thus, poly-3 is aromatic but poly-4 is quinoid. The
quinoid polymers have smaller band gaps than the aromatic
ones, about 1 eV.
We have investigated a range of monomeric derivatives of
1[23] with density functional theory and found that the C=S
group, in systems such as 3, leads to smaller energy gaps
than C=C(CN)2. This might seem surprising at first since the
small band gap of poly-1 is usually attributed to the strong
electron withdrawing power of the C=C(CN)2 group. [18]
Natural bond orbital analysis revealed that C=C(CN)2 is not
strongly electron withdrawing but owes is large electronega-
tivity to its high electron affinity arising from the presence of
a low lying π*-orbital. This is in line with Mulliken’s rather
than with Pauling’s definition of electronegativity. Thus reso-
nance rather than inductive effects are responsible for the
band gap lowering. The similarity between C=S and
C=C(CN)2 can be understood by realizing that the C=S group
also has a low lying π*-orbital and a high electron affinity.
The C=S group appears interesting for the design of con-
ducting polymers for several reasons: i) it achieves similar
band gap lowering to C=C(CN)2, ii) it is small enough to be
Scheme 1Repeat units for conducting polymers. Polymers
of CDM, 1, and of EDOT, 2, are experimentally known low
band gap polymers. 3 and 4 were investigated theoretically
and showed promising properties. 5 and 6 are focus of the
present study. 7 is the smallest building block of 6 and used
for comparison
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incorporated in the all of the rings (5 in Scheme 1) which
should result in a quinoid structure with a lower band gap,
iii) the C=S group should have less capacity for charge trap-
ping than C=C(CN)2, and finally iv) there is a rich chemistry
involving the competition between single and double carbon
sulfur bonds so that good mechanical properties due to three-
dimensional interactions seem possible. Preliminary studies
indicated that the polymer of 5 might have a very small band
gap.[23] Here a more detailed electronic structure analysis
of 5 and the extrapolation of the oligomer to polymer proper-
ties is presented. Extrapolated results for poly- 5 are com-
pared to those for polythiophene and poly-1.
Methods
Monomer through tetramer of 1, 5 and 6, and monomer
through hexamer of thiophene were optimized in planar ge-
ometries using density functional theory (DFT). Becke’s three
parameter hybrid functional[25] was combined with Perdew
and Wang’s correlation functional.[26] Stevens Basch Krauss
pseudopotentials[27] and split valence plus polarization ba-
sis sets were employed.[28] The wight of the Hartree-Fock
exchange was increased to 30% since this functional yields
HOMO-LUMO gaps in close agreement with λmax values from
UV spectroscopy.[29] IPs and EAs are about 1 eV too low
for oligomeric π-systems but trends are reproduced correctly.
This approach is justified from a pragmatic point of view
although the meaning of DFT orbital energies is a controver-
sial subject[30-39] that is beyond the scope of the present
investigation.
The dimer and all higher oligomers of 5 are quinoid and
have extremely small energy gaps. A quinoid structure for
the polymer was expected according to Hong and Song´s[14]
work. That the dimer is already quinoid shows that the ten-
dency to switch to a quinoid structure is very strong and that
end effects that favor aromatic geometries do not prevent the
switch to the quinoid form even for very small oligomers.
However, a quinoid structure can not be terminated properly
at the ends of the oligomers. Therefore, the wave functions
were tested for stability. Not surprisingly, the closed shell
wave functions of 5 and of its oligomers are singlet unstable.
Reoptimization of the singlets with open shell wave func-
tions let to large spin contaminations (S2 values between 1.1
and 1.8). The energies were only slightly lowered but the
energy gaps increased by more than 1 eV. With the open shell
wave function even the monomer tends to become quinoid.
In an attempt to avoid the use of open shell calculations, the
oligomers were end-capped with CH2 groups, shown as 6
(Scheme 1) and reoptimized. A stability test for monomeric
6 still indicated internal instability, but the spin contamina-
tion of the open shell wave function became small (S2 = 0.1)
and the total energy lowering was only 0.03 kcal mol-1. In an
open shell calculation, the energy gap increased by 0.06 eV
from 2.81 eV to 2.87 eV. This change is negligible compared
to the inherent inaccuracy of energy gaps as approximate
excitation energies. Therefore the calculations were carried
out employing end-capped oligomers and closed shell wave
functions. All calculations were performed with Gaussian




Figure 1 shows bond lengths in the inner rings for monomer
through tetramer of 6. The short bonds connecting the rings
and the long bonds where there would be double bonds in
thiophene show that the structures are quinoid. As described
in the methods section, oligomers of 5 are also quinoid de-
spite the influence of end-effects that favor aromatic struc-
tures. When starting from an aromatic carbon framework,
oligomers of 5 optimized smoothly to the quinoid forms,
showing that the quinoid structures of oligomers of 6 are not
caused by the =CH2 groups. In contrast, oligomers of 1 are
aromatic. Attempts to locate quinoid analogs of dimer and
Figure 1 Bond lengths in monomer, dimer, trimer, and
t tramer of 6



















Figure 2 Energy levels and
development of bands for thi-



















Figure 3 Energy levels and
development of bands for thi-
ophene, and oligomers of 1
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trimer of 1 failed likewise. There is thus no indication of the
existence of two stable forms of either polymer.
The double bonds connecting the rings of oligomers of 6
are 1.403 Å long, the double bonds within the rings are shorter,
1.378 Å. The single bond lengths in the inner rings are 1.468
and 1.470 Å. Differences between the inner part of dimer
and the trimer are vanishingly small. Thus, bond lengths are
essentially converged in the inner ings of the trimer. The
maximum bond lengths alternation for poly-6 is predicted to
be 0.092 Å. For comparison, bond lengths alternation is
0.060 Å in sexithiophene[43] and in quater-1. Thus quinoid
poly-6 does not have smaller bond length alternation than
aromatic polythiophene and poly-1.
Ionization Potentials (IPs) and Electron Affinities (EAs)
In Figures 2 and 3 energy levels are plotted for monomer
through tetramer of 6 and of 1, respectively. Figure 4 shows
energy levels of thiophene monomer through hexamer. To
assign orbitals of the oligomers to bands of the polymers,
orbital contours were plotted for the oligomers and visually
correlated with those of 7 and of thiophene. These correla-
tions are indicated with dotted lines in Figures 2-4. IPs and
EAs are summarized and extrapolated to polymer values in
Table 1. The HOMO levels, and therefore the IPs according
to Koopmans’ theorem,[44] of oligomers of 6 do not decrease
with increasing chain length. The IP of poly-6 is predicted to
be about 7 eV, 1.5 eV larger than that of polythiophene and
0.8 eV larger than that of poly-1 at the same level of theory.
The extrapolated EA of poly-6 is 5.61 eV, 2.4 eV larger than
that of polythiophene and 1.1 eV larger than that of poly-1
which is a known n-dopable polymer.
Band gaps
Oligomers of 6 have smaller energy gaps than oligomers of 1
and of thiophene. Plotting the values against 1/n and ex-
trapolating to infinite chain length (Figure 5) predicts the
band gaps of poly-6, poly-1, and polythiophene to be 1.41
eV, 1.72 eV, and 2.30 eV, respectively. Experimental band
gaps of poly-1 and of polythiophene are 0.8 eV[18] and 1.8
eV.[45] λmax for ultrathin polythiophene films is 2.30 eV,[4]
0.6 eV higher than the band gap value which corresponds to
the onset of absorption. Theoretical estimates from band struc-
ture calculations correspond to λmax and are therefore in ex-
cellent agreement with experiment for polythiophene. As-
Table 1 Energy levels for oligomers of 6, 1, and thiophene
# repeat lower valence IP EA upper cond. Eg
units band edge band edge
6
1 -7.04 -4.22 2.82
2 -7.41 -6.99 -4.93 -3.81 2.06
3 -7.62 -7.02 -5.15 -3.71 1.87
4 -7.75 -7.05 -5.26 -3.66 1.79
∞ -8.99 -7.02 -5.61 -3.45 1.43
Band width: 1.97 eV Band width: 2.16 eV
1
1 -7.21 -3.98 3.23
2 -7.89 -6.72 -4.19 -4.15 2.53
3 -8.17 -6.55 -4.34 -4.19 2.21
4 -8.32 -6.48 -4.40 -4.22 2.08
∞ -8.66 -6.23 -4.51 -4.30 1.72
Band width: 2.43 eV Band width: 0.21 eV
Thiophene
1 -7.48 -0.75 6.73
2 -7.94 -6.59 -1.78 -0.10 4.81
3 -7.98 -6.22 -2.22 0.18 4.00
4 -8.07 -6.04 -2.46 0.33 3.58
5 -8.06 -5.93 -2.61 0.42 3.32
6 -8.13 -5.86 -2.71 0.49 3.15
∞ -8.36 -5.49 -3.21 0.80 2.28
Band width: 2.23 eV Band width: 1.90 eV
(evaluated for polydithiophene) (evaluated for polydithiophene)
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Figure 4 Energy levels and
development of bands for
oligomers of thiophene
Figure 5 Energy gaps vs 1/
number of repeat units of 6,
of 1, and of thiophene (from
bottom)
J. Mol. Model. 2000, 6 201
suming a similar difference between onset of absorption and
λmax for poly-1, our calculations predict a band gap of 1.1 eV
for poly-1, 0.3 eV above the experimental value. Therefore,
the band gap of poly-6 is estimated to be about 0.5-0.8 eV.
Band widths
Tracing back the bands of quarter-6 shows that its valence
band arises from the thiophene LUMO which splits into two
levels in quinoid 7, the lower one leading to the HOMO of 6
and giving rise to the valence band of poly-6. The conduc-
tion band stems from the HOMO-1 of thiophene, which splits
into two levels in 7. The higher one gives rise to two closely
spaced levels in 6, one of which forms a wide band, the con-
duction band, the other one forms a flat band that lies within
the conduction band. Thus valence and conduction bands of
6 have different character than those of polythiophene (com-
pare Figures 6 and 8). Both bands are delocalized (compare
Figure 6) and have substantial band widths. Extrapolated
Figure 6 Highest lying occupied (red and black) and lowest
lying unoccupied (blue and black) π-orbitals of quater-6
Figure 7 Highest lying occupied (red and black) and lowest
lying unoccupied (blue and black) π-orbitals of quater-1
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values are 1.97 eV and 2.16 eV, for valence and conduction
bands, respectively.
The valence band of poly-1arises from the thiophene
HOMO and is practically identical to that of polythiophene,
since there are nodes at the positions of the dicyanomethylene
groups (compare Figures 7 and 8). Extrapolation leads to a
band width of 2.43 eV. The conduction band originates in a
bonding combination of the thiophene LUMO and the
dicyanomethylene group. With increasing chain lengths, the
contribution from the dicyanomethylene group leads to lo-
calization of the charge density and little overlap between
the repeat units (compare the four black and blue colored
antibonding orbitals in Figure 7) Therefore the conduction
band widths is very small, 0.21 eV.
The valence and conduction bands of polythiophene arise
from thiophene HOMO and LUMO. Both orbital types lead
to significant overlap and wide bands. To compare band widths
of poly-6 and poly-1 to those of polythiophene, dithiophene
has to be used as the repeat unit to assure that the sizes of the
repeat units are comparable. The reason for this is that, in
solid state physics terms, doubling of the repeat unit leads to
halving of the Brillouin zone. The smaller Brillouin zone
contains twice as many bands of smaller band widths. With
dithiophene as a repeat unit, valence and conduction band
widths of polythiophene are 2.23 eV and 1.90 eV. Thus
polythiophene and poly-6 have comparable valence and con-
duction band widths. The valence band of poly-1 is also wide,
only the conduction band of poly-1 stands out by being ex-
tremely narrow.
Discussion
The basic idea behind conducting polymers is that infinite
chains of conjugated π-systems act as molecular wires, al-
lowing charge transport through the delocalized π-system. In
such a wire, conductivity is related to charge carrier concen-
tration and mobility of charge carriers.[8] Charge carriers are
both electrons and holes and the resulting conductivity is the
sum of their contributions.[46] The charge carrier concentra-
tion at ambient temperature or in the presence of light in-
creases as the band gap decreases. Alternatively, doping can
create charge carriers. The charge carrier mobility along the
chain increases with increasing overlap between repeat units,
which is reflected in the band width. In real systems, band
widths correlate only very roughly with mobilities of charge
carriers since chains are not infinite and charge carriers have
to hop.[8] That real polymers are far from molecular wires
can be seen by the fact that properties of polythiophene can
be very well modeled with sexithiophene oligomers, which
in the crystalline state conduct perpendicular to the chain
direction rather than along the chains.[47] On the other hand,
the dramatic increase in conductivity of polyacetylene after
stretch aligning[48] and the improved conductivity of more
ordered ultrathin polythiophene films[3,4] shows that the
molecular wire picture is valid if the bulk properties of the
material can be optimized. Thus, small band gaps and large
band widths are necessary though not sufficient conditions
f r good conductivity.
Poly-1 is one of the lowest band gap conducting polymers
synthesized to this date, copolymers of 1 and 2[20] might be
the first zero band gap materials produced since the discov-
ry of polysulfurnitride. The low band gaps of these systems
are due to the presence of the π-system of the dicyanomethy-
lene group, which provides for a low lying LUMO. However,
although poly-1 is repeatedly n-dopable, the conductivity in
the n-doped state is low.[19] Poly-1 has not been investigated
as thoroughly as polythiophene. The crystal structure has not
been determined for oligomers. Conjugation lengths and film
thickness have not been optimized. Therefore, disorder could
be responsible for the low intrinsic conductivity and the low
conductivity of the n-doped forms. Low chemical stability of
th  n-doped form[19] is another possibility. One factor, how-
ever, seems to have been overlooked. The conduction band
of poly-1 is very flat. This indicates little overlap between
the repeat units. Figure 7, which displays orbital contours of
conduction band orbitals, clearly confirms the relation be-
tween low overlap and small band width. In other words the
conduction band is not a band but consists of individual lo-
calized orbitals. Dicyanomethylene groups might act as traps
for the electrons and thus prevent conductivity contributions
from n-type carriers. Copolymers of 1 and 2 might have zero
band gaps but still their intrinsic conductivities are small.
The n-type carrier mobility is 500 times smaller than that of
the p-type carriers.[20] Thus poly-1 and copolymers contain-
ing 1, might be intrinsically poor conductors in the n-doped
state even if the n-doped forms were chemically stable and if
the chains were infinite and perfectly aligned. This seems to
Figure 8 Highest lying occupied (red and black) and lowest
lying unoccupied (blue and black) π-orbitals of sexithiophene
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be in agreement with findings of Huang and Pickup that the
conduction band energy did not change much with composi-
tion of the copolymers.[20] Disorder or short conjugation
lengths should limit mobilities of both, p- and n-type carriers
and can not be responsible for these huge differences. Exces-
sive dedoping can explain the low conductivity of n-doped
poly-1, it can however, not account for the low intrinsic con-
ductivity. Thus, localization of n-type charge carriers remains
as possible reason for the low conductivity of neutral and n-
doped poly-1.
Neither poly-6 nor its building blocks have been synthe-
sized. Therefore it can only be guessed whether it might be a
stable substance. The smallest unit of 6 is thiocyclopenta-
dieneone, the sulfur analogon of cyclopentadieneone.
Cyclopentadieneone is known but very reactive. The reason
for this is its antiaromatic character. Due to the polarity of
the C=O bond, it is essentially an antiaromatic 4π-electron
system. Since sulfur is less electronegative, the polarity of
the C=S bond is opposite to that of C=O and thiocyclopenta-
dieneone is closer to an aromatic system that could be more
stable. The IPs of 6 and its oligomers are quite high, thus
spontaneous electron loss upon standing in air as in the case
of polypyrrole is not expected. The high IP of poly-6 might,
in fact make p-doping diffcult. The neutral form of poly-6
might thus be a stable compound.
The best estimate for the band gap of poly-6 is about 0.5-
0.8 eV, similar to that of 1. The charge carrier concentration
at room temperature or after illumination should therefore
be similar in the two polymers. However, the EA of poly- 6
is predicted to be about 1.1 eV higher than that of poly-1.
Thus if low chemical stability of the n-doped form of poly-1
indeed contributes to its low n-type conductivity, poly-6 could
show improved performance. The conduction band of poly-6
is not as flat as that of poly-1. This should make n-type carri-
ers more mobile along the chains. The more delocalized na-
ture of the orbitals in the conduction band can be seen in
Figure 6. Thus if localization of n-type charge carriers in
poly-1 is the reason for the low n-type conductivity of poly-
1, poly-6 would again be superior. Therefore, poly-6 appears
to be a good candidate for an n-dopable conducting polymer
with significant intrinsic conductivity along the chain. Gas
phase calculations cannot make predictions about limitations
due to short conjugation length, disorder and large exciton
binding energy. We have not tried to examine hopping ef-
fects between chains. The presented calculations can there-
fore only suggest that poly-6 fulfils the some necessary con-
ditions for good conductivity, they cannot guarantee it.
Conclusions
Electronic structure analysis of poly-6 and poly-1 predicts
that there are some interesting differences between the two
polymers. In agreement with experiment and semiempirical
solid state calculations our results show that poly-1 has a low
band gap and a large electron affinity but a very flat conduc-
tion band. The conduction band of poly-6 is predicted to lie
about 1.1 eV lower and to be much wider. Thus poly-6 could
have higher stability and higher conductivity in the n-doped
state. These consideration apply to ideal polymers of infinite
chain length and perfect order. Factors that limit conductiv-
ity, such as short conjugation lengths, disorder, unsuitable
packing in the bulk, and high exciton binding energies are
beyond the scope of the present investigation.
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